Purified Pseudomonas aeruginosa elastase cleaved human type III and IV collagens with the formation of specific cleavage products. Furthermore, type I collagen appeared to be slowly cleaved by both P. aeruginosa elastase and alkaline protease. These cleavage fragments from type III and IV collagens were separated from the intact collagen chains by SDS polyacrylamide gradient gel electrophoresis run under reducing conditions, and they were detected by their characteristic Coomassie blue staining pattern. The results of these studies suggest that the pathogenesis of tissue invasion and hemorrhagic tissue necrosis observed in P. aeruginosa infections may be related to the degradation of these collagen types by bacterial extracellular proteases.
Pseudomonas aeruginosa is a major pathogen among patients with cystic fibrosis, trauma, and granulocytopenia and is a common cause of hospital-acquired, gram-negative, necrotizing pneumonias (2, 26) . This opportunistic organism may directly invade tissues after disruption of the integrity of epithelial barriers, producing localized cellulitis or pneumonias, or it may enter the bloodstream, producing systemic infections. Histologic studies of infected tissues often demonstrate extensive necrosis, microabscess formation, and destructive vascular lesions with hemorrhage (26) .
The pathogeneses of such tissue alterations are not well understood. Most strains of P. aeruginosa produce extracellular proteases (23, 30, 31) which could be released into the microenvironment and degrade collagen molecules, the major structural elements of all connective tissues. Controversy exists in the literature as to whether these proteases can degrade native collagen (3, 12, 14, 27, 28) . For example, Schoellmann and Fisher (27) reported that an enzyme isolated from one strain of P. aeruginosa cleaved a synthetic peptide, carbobenzoxy-Gly-Pro-Gly-Gly-Pro-Ala, at the Gly-Gly bond, producing two sets of tripeptides, carbobenzoxy-Gly-Pro-Gly and Gly-Pro-Ala. Diener et al. (3) reported that a strain of P. aeruginosa produced an enzyme capable of degrading bovine tendon collagen as measured by the release of leucine as the reaction product. In contrast, Waldvogel and Swartz (28) (4) , and the peptides were used as collagen molecular weight standards.
Preparation of PE and PAP. PE and PAP were isolated from the nutrient media of P. aeruginosa cultures and characterized as previously described for each respective enzyme (22, 24) . The lyophilized enzymes were solubilized in 0.05 M Tris hydrochloride (pH 7.6) containing 0.15 M NaCl and 0.001 M CaCI2 (TBS) and quantitated by the Lowry procedure (15) with a bovine serum albumin standard. The protein concentration was adjusted to 500 pug/ml, and samples were stored frozen at -70°C.
Functional activity of PE and PAP. Functional activity of both enzymes was determined with azocasein (6) and elastinagarose (6) . In the azocasein assay, PE has a greater specific activity (absorbance at 336 nm (A336) [ 30,000), soybean trypsin inhibitor (Mr, 21,000), and lysozyme (Mr, 13,000).
RESULTS
The availability of purified and characterized reagents allowed us to do a systematic study to investigate the possibility of collagen degradation by PE and PAP. Soluble, native type I, II, III, IV, and V human collagens were incubated with PE, PAP, or no enzyme at 25°C, and the cleavage products were separated from the intact chains by SDS polyacrylamide gradient gel electrophoresis run under reducing conditions. Both PE and PAP migrated as single bands in this electrophoresis system with respective MrS of 33,000 and 50,000 (Fig. 1, lanes 2 and 3, respectively) , confirming the homogeneity of each respective enzyme (22, 24) .
Both PE and PAP attacked the helical structure or type I with the gradual disappearance of the two major chains of Mrs 100,000 and 75,000 and the concurrent formation of six cleavage fragments of Mr 50,000, 46,000, 24,000, 22,000, 18,000, and 15,000 observed after Coomassie blue staining. The gradual formation of these cleavage fragments over time is shown in Fig. 2 (lanes 11 through 15) . DISCUSSION The results of this study clearly demonstrate that PE degrades native soluble type III and IV collagens with the formation of defined cleavage fragments. Furthermore, PE converted the cross-linked 3 chain to the monomer alpha chains of type I collagen. Type I collagen appears to be slowly cleaved by both PE and PAP. Type II and V collagens were not cleaved by either enzyme.
The controversy in regard to the collagenolytic activity of P. aeruginosa proteases may well be related to interpretation of the results obtained by previous investigators using diverse collagenase assays (3, 12, 27, 28) . Any reliable collagenase assay must use the native, reconstituted collagen type as the substrate. In the study of Schoellmann and Fisher (27) , collagen was not used as the substrate. Furthermore, the hexapeptide carbobenzoxy-Gly-Pro-GlyGly-Pro-Ala is not considered to be a specific substrate for collagenases, since cleavage occurs at a specific Gly-Ile or Gly-Leu locus for collagen types I, II, and III (8, 20) . Furthermore, the cleavage site on type III collagen for neutrophil elastase is at an Ile-Thr bond located 4 residues on the carboxyl side of the established cleavage site for animal collagenases (17) . Thus, their purified enzyme may not be able to cleave the intact collagen molecule. Diener et al. (3) reported that their purified enzyme had a high amount of collagenase activity. However, interpretation of these results are difficult, since their assay is not considered a standard collagenase assay, and no studies were performed to exclude the possibility that the commercially obtained collagen was denatured and not in the native state. Kessler et al. (12) and Waldvogel and Swartz (28) used native type I collagen isolated from bovine tendon and guinea pig skin, respectively. The differences in results between these investigators probably relates to the sensitivities of the assay systems. We found SDS-polyacrylamide gradient gel electrophoresis in slab gels to be a highly useful analytical procedure for resolving and identifying cleavage products of the various collagen chains. The results of our study on the degradation of human type I collagen by PE are similar to those reported by Kessler et al. (12) , who also observed limited degradation of the alpha chains and conversion of the cross-linked regions of the corresponding alpha chains.
Miller and his associates (18) were the first to demonstrate the cleavage of type III collagen by a noncollagenolytic enzyme, trypsin. They speculated that this collagen type contained a helical region, which was deformable and less perfect than the other helical regions and more susceptible to proteolytic attack. In other studies, it has been demonstrated that human neutrophil elastase cleaves type III (5, 16) , and IV collagens (16), generating specific reaction products. The specific cleavage fragments formed from type III and IV collagens in our study most closely resemble those described for neutrophil elastase. However, not all elastases are equally capable of generating these fragments. For example, porcine pancreatic elastase cleaves both of these collagen types poorly in comparison with human neutrophil elastase and PE (L. Heck, unpublished observations).
Type III collagen is classified as an interstitial collagen and is abundantly found in dermis, lung, and blood vessel walls and forms the stroma for liver and spleen (19) . Type IV collagen is primarily localized to basement membranes, a major component of all vascular tissues (19) . Although these studies were performed with well-defined reagents, the results suggest that many of the pathologic changes observed in infected tissues may be related to degradation of extracellular matrix components by this enzyme (23) . For example, destruction of the elastic lamina and vessel wall necrosis were observed in nearly all of the mice dying of complications of P. aeruginosa septicemia (25) . Injections of 10 p.g of purified PE into the skin of rabbits induced hemorrhagic lesions within minutes at the injection site (11) . Light and electron microscopic examination of rabbit corneal lesions observed 4 to 6 h after intracorneal injection of purified Pseudomonas proteases demonstrated dispersal of type I collagen fibrils (13) . In other studies, intratrachael injection of a mixture of purified Pseudomonas proteases produced rapid, extensive, intra-alveolar hemorrhage in rabbits (7) . Pneumonias established in rats (29) and guinea pigs (1) by intratracheal instillation of strains of P. aeruginosa deficient in active elastase production appeared to be less virulent than those caused by the parent strain. Finally, immunization of mink with vaccines containing toxoids of PE and PAP with a common protective antigen was superior to immunization with common protective antigen alone in protecting these animals against hemorrhagic pneumonia due to P. aeruginosa (10) .
The results presented here provide a rationale for the observed tissue degradation in P. aeruginosa infections, since type III and IV collagens are more susceptible to cleavage by PE. In addition, the evidence supports the notion that type I collagen may be degraded, but at a much slower rate, by PE and PAP. Furthermore, these studies support the observation of Blackwood et al. (1) that elastase is an important virulence factor in infections due to P.
aeruginosa.
